22 23 *Corresponding authors: m.a.skidmore@keele.ac.uk. Tel: +44 (0)1782 733945 24 marissa.maciej-hulme@radboudumc.nl Tel: +31 (0)243610553 25 26 Abstract 29 The fine structure of heparan sulfate (HS), the glycosaminoglycan polysaccharide component of cell 30 surface and extracellular matrix HS proteoglycans, coordinates the complex cell signalling processes 31 that control homeostasis and drive development in multicellular animals. In addition, HS is involved in 32 the infection of mammals by viruses, bacteria and parasites. The current detection limit for 33 fluorescently labelled HS disaccharides that is in the low femtomole range (10 -15 mol), has effectively 34 hampered investigations of HS composition from small, functionally-relevant populations of cells and 35 tissues. Here, an ultra-high sensitivity method is described that utilises a combination of reverse-36 phase HPLC, with tetraoctylammonium bromide (TOAB) as the ion-pairing reagent and laser-induced 37 fluorescence detection of BODIPY-FI-labelled disaccharides. The method provides an unparalleled 38 increase in the sensitivity of detection by ~ six orders of magnitude, to the zeptomolar range (~10 -21 39 moles), enabling detection of <1000 labelled molecules. This facilitates determination of HS 40 disaccharide compositional analysis from minute biological samples, as demonstrated by analysis of 41 HS isolated from the midguts of Anopheles gambiae mosquitoes that was achieved without 42 approaching the limit of detection. 43 44 49 in multicellular animals. HS, which is displayed at the mammalian cell surface, is also known to 50 interact with viruses (e.g. HIV 1 and Zika virus 2,3 ) and other cells, including pathogenic 51 microorganisms (e.g. Toxoplasma gondii 4,5 , Plasmodium falciparum 5,6 , and Leishmania parasites 7-9 ) 52 and is often involved in the process of infection. In addition, diffusible HS oligosaccharide fragments 53 released by heparanase activity are thought to exert influence further afield 10 . 54 The biosynthesis of HS occurs in the endoplasmic reticulum and Golgi, where the nascent 55 chain is modified during de novo synthesis on the protein core. Specific enzymes either transfer 56 sulfate groups (N-deacetylase/sulfotransferases, 6-O-, 2-O-, and 3-O-sulphotransferases) to 57 glucosamine or uronate residues, or epimerise (C5-epimerase) β-D-glucuronate to α-L-iduronate units 58 in the chain. Together, these enzymes produce distinct sulfation patterns both at the disaccharide 59 level and in the completed polysaccharide. For HS, the modification enzymes act in an incomplete and 60 interdependent fashion to form domains, consisting of regions of high sulfation flanked by intermediate 61 sulfation 11 . Following synthesis, the removal of 6-O-sulfate groups from the HS polysaccharide by the 62 sulfatases (Sulf 1 and 2), may also occur 12,13 , potentially creating further diversity in the HS chain 14 .
Introduction

46
Heparan sulfate (HS) is a linear, anionic glycosaminoglycan (GAG) polysaccharide component 47 of cell surface and extracellular matrix HS proteoglycans (HSPGs), whose fine structure dictates 48 coordination of the complex cell signalling processes that control homeostasis and drive development intact glucosamine reducing end, where the original identity of the uronate residue (α-L-IdoA or β-D-75 GlcA) has been lost. These disaccharides are termed Δ-disaccharides and have been the subject of 76 numerous separation and labelling procedures 16, 18, 22 , amongst which, the highest sensitivity available 77 currently is approximately in the low femtomole (10 -15 mol) range 18 . Each method has its advantages 78 and drawbacks 23 but all remain fundamentally limited by whatever detection system is employed.
79
Given that HS structure varies between cell and tissue types, even in a spatiotemporal 80 manner, a significant advance of the sensitivity in detection of HS disaccharides is essential to enable 81 higher resolution studies to be performed. Improved method sensitivity could conceivably translate into 82 a detection level sufficiently low to enable the differentiation of distinct regions in individual tissues.
83
This would complement advances in laser capture micro-dissection of tissues 24 and cell separation 84 and detection techniques, such as single cell analysis [25] [26] [27] , rather than its current limitation at a 85 relatively coarse scale.
86
Here, a reverse-phase ion-paired HPLC method for the separation of BODIPY-FL conjugated 87 HS disaccharides with significantly improved detection sensitivity is presented. By employing a simple 88 phase separation clean-up step to remove excess unreacted BODIPY-FL hydrazide and a 100-minute 89 linear gradient, baseline separation of all 8 BODIPY-labelled HS ∆-disaccharide standards was 90 achieved. An unprecedented practical limit of detection was achieved at less than 100 zmol (10 -21 91 moles), which corresponds to ~600 labelled molecules. The validity of the technique was confirmed 92 first through disaccharide analysis of tinzaparin, a low molecular weight heparin of known composition 93 18 , and determination of HS composition from human monocytes (demonstrating compatibility with 94 mammalian cells). Illustration of the increased scope of HS disaccharide analysis that the 95 improvement in sensitivity provides was then demonstrated by the investigation of HS isolated from 96 midgut tissue of 14 Anopheles gambiae mosquitoes (14 midguts), a major vector for malaria in Africa.
97
These data demonstrate unprecedented sensitivity of the method and the increased scope of HS 98 disaccharide analysis that it affords, which is anticipated to open up many new opportunities for 99 enhancing the toolkit for HS analysis thereby increasing understanding of HS functions in biology.
Results and discussion
101
Eight major Δ-disaccharide species exist for HS (and the closely-related GAG, heparin) 102 ( Figure 1 ); 1-4 linked combinations of these disaccharides generate the heterogeneous nature of HS 103 polysaccharide chains. The approach adopted here combines the use of a BODIPY-FL hydrazide 104 fluorescent tag with reverse-phase HPLC and laser-induced fluorescence detection.
106
Removal of free BODIPY-FL hydrazide label from aqueous solution 107 For the highest sensitivity detection, removal of excess unreacted fluorescent tag from the 108 labelled material without significant sample loss presented a major challenge, but was found to be 109 essential to avoid masking of sample peaks. Here, new strategies were explored for the removal of 110 excess BODIPY-FL hydrazide label from samples to assist separation, identification and 111 characterisation of labelled HS disaccharides. Current methods employing BODIPY-FL rely on either 112 thin layer chromatography (TLC), or do not attempt to remove excess fluorophore before application to 113 the column where the majority of the BODIPY-FL hydrazide elutes at the onset of the run during the 114 isocratic step 15, 18 . Other fluorophores, such as 2-aminoacridone need to be pre-treated and purified 115 before use to reduce fluorescent impurities and improve signal-to-noise ratio for detection 16 , or may 116 require verification, for example, by mass spectrometry 21 . However, none of these rivals the present 117 one in sensitivity, their best detection limit being around 10 -13 mol. 15, 18 . In any labelling and detection 118 procedure, excess label remaining after the coupling reaction could co-elute with labelled species, 119 thereby decreasing the resolving power of the method and interfering with the detection of 120 neighbouring eluting disaccharide species. To eliminate this problem for BODIPY-FL hydrazide RP-
121
HPLC methods, a range of organic solvents that are immiscible with water were tested for their ability 122 to remove excess unreacted BODIPY-FL hydrazide (Figure 2A ). Five of the 14 solvents used for 123 extraction reduced aqueous fluorescence more successfully than TLC. 1,2-dichloroethane consistently 124 and selectively removed the most fluorescence arising from the free BODIPY-FL hydrazide label 125 ( Figure 2B ) and was therefore selected for application to the labelled disaccharides prior to RP-HPLC 
146
Several ion-pairing reagents (comprising a sequential series of tetra-butyl to heptylammonium 147 bromide solvents, octadecyltrimethylammonium bromide and (1-dodecyl)trimethylammonium bromide) 148 as well as methanol, and a range of pH values were also employed during method optimisation.
149
Separation of HS/heparin disaccharides was achieved with a 100-minute gradient, using 10 mM 150 tetraoctylammonium bromide (TOAB) in 0.1 M ammonium acetate and 30 mM TOAB in acetonitrile, 151 delivering reproducible retention times for each peak (Table 1) .
152
An inevitable consequence of the complex chemistry of the reducing end is the potential for . The second consideration is the fundamental limit of dilution of 176 the labelled material that still permits detection at an acceptable signal to noise ratio. For the present 177 method, the practical limit of detection for all 8 ∆-disaccharide standards, by dilution from 1 nM is 178 calculated to be less than 100 zeptomoles (100 x 10 -21 mol) ( Figure 4 ). This represents a dramatic 179 improvement in the detection sensitivity of disaccharides in comparison with the fluorophore, 2-180 aminoacridone 16 , and is also a marked improvement on the previous BODIPY-labelled ∆-disaccharide 181 method (detection limit ca. 10 -15 mol) 15,18 . In the case of the latter, the high pH (~ pH 13) that is 182 required to facilitate separation using HPLC-SAX partially limits the gains afforded by the high The separation and improved detection sensitivity of this method will facilitate the 245 development of sequencing and structural analyses for HS and its close relative, heparin, as well as 246 other GAGs. The reverse phase separation conditions are also compatible with mass spectrometry, as 247 well as nano-and micro-HPLC methodologies.
Conclusions
249
An ultra-high sensitivity RP(IP)-HPLC method has been developed for the separation of 
256
The present method also avoids the use of high pH, which is known to reduce fluorescence 505 Table 1 . Correction factors and retention times for the 8 ∆-disaccharide standards from HS/heparin.
507
The average retention time for the dominant peak for each species and standard deviation of 4 508 technical replicates are shown.
509
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